Toxoplasma gondii is a ubiquitous obligate intracellular parasite that infects the nucleated cells 26 of warm-blooded animals. From within the parasitophorous vacuole in which they reside, 27
determine the changes that occur at the levels of transcription and translation in both the 49 ( Fig. 2A-B) . In analyses of the P. falciparum translatome during the intraerythocytic 154 developmental cycle, an enrichment for 5'-leader sequence representation was noted and 155 attributed to ribosomal occupancy but did not correlate with the presence or location of uORFs 156 (13, 23). To determine if a similar phenomenon occurs in Toxoplasma, we first computed the 157 average contribution of each annotated feature (i.e., 5'-leader, CDS, and 3'-UTR) to coding 158 mRNAs transcriptome-wide using data from the Toxoplasma and human genome annotations 159
EuPathDB (24) and data generated in (25) . With this information, we constructed a model for 160 the average computed transcript in host and parasite ( Fig. 2C-D) . The average human 5'-leader 161 composes 7.6% of the total transcript length whereas this feature contributes 20.9% of the total 162 Toxoplasma mRNA length. We then quantified the ribosome density along all coding transcripts 163 in both host cells and parasites, segregating them according to their feature annotation . Results indicate that 8-10% of human RFPs and 20-22% of Toxoplasma RFPs mapped to 165 5'-leaders, suggesting that the rate of RFP mapping to 5'-leaders in both organisms is 166 proportional to their length. Since the rate of RFP mapping to 5'-leaders in both organisms 167 appeared proportional to their length, and the accumulation of RFPs within 5-'leaders has also 168 been attributed to the CHX treatment (22), we suggest that we are also observing CHX-induced 169 ribosome occupancy along the 5'-leaders. Moreover, this result appears to be enhanced in 170
Toxoplasma compared to human cells due to the longer 5'-leaders in the parasite. In contrast, 171
we saw enrichment of RFPs mapping to CDS regions and a decreased representation of 3 '-172 UTRs in all conditions. Mapping of the RNA-seq data did not show a similar enrichment . Approximately 80% of human and ~75% of Toxoplasma RFP reads mapped to CDS 174 regions and ~7-8% of human and ~2% of Toxoplasma RFPs mapped to 3'-UTRs. The 175 enrichment of RFPs in the CDS is expected of Ribo-seq experiments, indicating that we have 176 substantial data to assess translatome changes and potential translational control in both
179

Ribo-seq analysis of intracellular tachyzoites in HFF host cells. 180
In our infected host HFFs, ~15-25% of the sequences mapped to Toxoplasma (Table 1) , 181 making it possible to detect parasite-specific sequences for a survey of the tachyzoite 182 translatome. We assessed the ribosome density, a measure of translation, for all coding 183 transcripts that met our filtering criteria, which consisted of coding genes that have annotated 5'-184 and 3'-UTRs and a normalized read count ≥ 5 in each of our biological triplicates as determined 185 by DESeq2 (26). For tachyzoites grown in confluent HFFs, this analysis resulted in 4,453 186 transcripts, whereas 5,762 transcripts met our cutoff for tachyzoites cultured in subconfluent 187
HFFs (Fig. 3A , Table S1A-B). Bulk ribosomal density was calculated for each transcript by 188 taking the quotient of normalized RFP and RNA-seq reads. There was no statistically significant 189 difference between the two ribosomal density profiles (Student's t-test, P = 0.07), indicating that 190 the tachyzoite translational machinery functions at a similar capacity and throughput regardless 191 of host cell confluency (Fig. 3A) . 192
Several reports have described the mechanisms of translational control in Toxoplasma, 193 especially through the involvement of the parasite integrated stress response (ISR) pathway 194 (reviewed in (3)). For example, our lab identified a subset of transcripts that were preferentially 195 translated in tachyzoites upon induction of ER stress, but the mechanism of preferential 196 translation was not elucidated (27). One potential mechanism could be through the usage of 197 functional uORFs in Toxoplasma since these cis-acting elements provide a means to achieve 198 the transcript-specific upregulation of stress-responsive proteins during ISR activation 199 hypothesized to be necessary for bradyzoite formation (3, 28) . The in silico prediction of uORFs 200 is complicated by the unusually lengthy 5'-leaders of Toxoplasma transcripts (14, 29) (Fig. 2D ).
Ribosome profiling facilitates uORF discovery since it provides evidence of ribosome 204 occupancy along distinct ORFs. In their Ribo-seq experiment of intracellular and extracellular 205 tachyzoites, Hassan et al. reported evidence of 2,770 uORFs across the transcriptome that 206 generally displayed low ribosomal coverage (14). We also leveraged our dataset to discover 207 potential uORFs in our intracellular tachyzoite samples. We identified all coding transcripts from 208 our dataset with at least a two-fold higher ribosome density on their annotated 5'-leaders than 209 their CDS, reasoning that uORFs involved in stress-induced translational control are often 210 translated at the expense of their downstream CDS (28). This analysis yielded 226 and 147 211 transcripts for tachyzoites grown in subconfluent and confluent HFFs, respectively, with 72 212 transcripts present in both culture conditions ( Fig. 3B ; Table S2A-B) . Importantly, our Ribo-seq 213 experiments were conducted using a mixture of HFF and intracellular tachyzoites instead of 214 purified parasites, and our confluent HFF experiment had a lower parasite contribution than our 215 subconfluent experiment (Table 1) . Consequently, the depth of coverage for our studies was 216 less than that reported in Hassan et al. (14) , likely explaining the lower number of hits in our 217
dataset. 218
We visually inspected the ribosome profiles of the transcripts with high 5'-leader 219 ribosomal occupancy for regional spikes in RFP coverage that overlapped putative uORFs. A 220 potential uORF was identified in the transcript for TIC20, a member of the apicoplast protein 221 translocation machinery (30). The TIC20 gene was well-mapped over the entire transcript by 222 RNA-seq, yet displayed a strong RFP peak in its 5'-leader and very low levels of CDS 223 translation (Fig. 3C) . A small uORF encoding a hexapeptide is overlapped by Ribo-seq reads 224 that display a characteristic 12 nucleotide offset from the start codon typical of ribosome 225 footprints (12), suggesting this to be a functional uORF. Concurrent ribosome profiling 226 experiments can be designed to validate and/or screen for potential uORFs in stressedreveal cases of transcript-specific translational control that are involved in adaptation of 229 Toxoplasma to stressful stimuli, including bradyzoite induction conditions. 230
231
Proliferating and quiescent host cells respond differently to tachyzoite infection. 232
Upon invasion, Toxoplasma tachyzoites remodel the host cell environment by recruiting 233 host organelles such as the ER, Golgi apparatus, endo-lysosomes, and mitochondria to the 234 parasitophorus vacuole (31-33). Along with the physical reorganization of the infected host cell 235 are concomitant changes in host gene expression, some of which are mediated directly by 236 secreted parasite effectors originating from rhoptries and dense granules proteins (reviewed in 237 (6)). Research has also revealed that different types of host cell backgrounds respond to 238
Toxoplasma in different ways (34). However, the degree to which proliferating and quiescent 239 host cells vary in their response to infection remains to be investigated. Therefore, we profiled 240 the transcriptomes and translatomes of confluent and subconfluent HFFs that had been infected 241 (or mock-infected) with Toxoplasma for 24 hours. We identified 8,461 genes that met our 242 inclusion criteria (detected at both the RFP and RNA levels with a normalized mean count ≥ 5) 243 in confluent fibroblasts, of which 1,016 were differentially expressed with a log2 fold change (FC) 244 ≥ ±1 and met a false discovery rate (FDR) of 0.01 at either the RNA and/or RFP levels ( Table  245 S3A). By the same metrics, we identified 904 differentially expressed genes among the 10,164 246 detectable genes in subconfluent cells (Table S3B) . A total of 8,427 genes were detected 247 consistently in all samples (Fig. 4A) . We noted most parasite-induced dysregulated expression 248 appeared to be equally changed at the transcriptome and translatome levels in both confluent 249 and subconfluent cells. This finding suggests that these genes constitute a core, shared 250 transcriptional response to tachyzoite infection. Gene ontology analysis (35) of the 251 downregulated genes suggests an enrichment (FDR = 0.05) of membrane-resident G-protein 252 coupled receptors in subconfluent cells whereas, upregulated genes were enriched forcytokines and transcriptional machinery (Table 2 ). Confluent HFFs also displayed a high 254 enrichment suggestive of transcription factors and associated machinery (Table 3) . Highlighting 255 the fidelity of our dataset, we saw changes in host gene expression that have been reported 256 previously, such as the parasite-induced upregulation of CCL11, HAS3, ATF3, and EGLN3, all 257 genes that were included as host response factors on the ToxoGeneChip (36). 258
The majority of the host genes exhibiting altered expression 24 hours following 259
Toxoplasma infection showed differences between proliferative and quiescent HFFs (Fig. 4B) . 260
We performed an Ingenuity Pathway Analysis (37) in order to determine which shared and 261 distinct molecular and cellular functions were altered upon tachyzoite infection between 262 confluent and subconfluent cells (Fig. 4C) . We filtered our analyses to include all pathways that 263 met a cutoff of Z score ≥ ± 2 in at least RFP or RNA datasets with Padj ≤ 0.05, and were not 264 cancer-associated entries. Identified pathways were similarly represented for both the 265 transcriptome and translatome levels independent of host cell confluency. Tachyzoite infection 266 significantly repressed apoptotic and necrotic death pathways, whereas there was enhanced 267 expression of genes involved in pathways associated with cell survival, viability, and migration. Recently, both the mTOR and ISR pathways were suggested to be modulated in the 283 host upon Toxoplasma infection (9, 10). We used our Ribo-seq and RNA-seq data to examine 284 the changes in mRNA translation that occur in quiescent and proliferating HFFs 24 hours post-285 infection. We compared the changes in steady-state mRNA levels to the changes in ribosome 286 occupancy that occur in subconfluent and confluent HFFs harboring Toxoplasma ( Fig. 5A-B ). In 287 subconfluent cells, 1,204 genes met a threshold of FDR = 0.01 whereas 632 genes passed the 288 same filter in the confluent dataset (Table S3A- 
B). The genes in the subconfluent dataset clearly 289
showed ribosome occupancy changes that tightly correlated (R 2 = 0.9421) to the changes in 290 steady state mRNA levels upon infection (Fig. 5A ), suggesting that tachyzoite-induced changes 291 to gene expression are driven in large part by changes in steady-state mRNA levels, likely via 292 transcriptional control, in proliferating cells. In contrast, the correlation between transcript levels 293 and ribosome occupancy in the confluent dataset was more widely dispersed (R 2 = 0.8288), 294 most noticeably due to a subset of genes in the upper left quadrant (Fig. 5B ). Encoding mostly 295 ribosomal proteins, these genes display modest decreases in mRNA levels while showing 296 increased levels of translation, indicative of translational control acting in quiescent cells upon 297
infection. 298
Although bulk translational capacity was largely unchanged in host cells upon infection 299 (Fig. 1A) , we analyzed the distribution of individual genes for changes in ribosome density. A 300 total of 102 and 43 genes (FDR = 0.05) displayed increased or decreased ribosome density Table S4A ). Gene ontology enrichment analysis (35) of the translationally repressed subset did 303 not reveal any statistically significant (FDR = 0.05) enrichment terms associated with these 304 genes. In contrast, the preferentially translated genes were strongly enriched for molecular 305 functions relating to translation machinery including ribosomal proteins (Fig. 5F ). These 306 transcripts are canonically downstream targets for translational control acting through the mTOR 307 complex 1 protein kinase (42). Increased activity of host mTOR complex 1 has been reported to 308 occur in as little as two hours after Toxoplasma infection, leading to cell cycle progression, 309 increased bulk translation, and the preferential translation of transcripts with 5' oligopyrimidine 310 tracts (7-9). 311
We also analyzed the dataset from subconfluent HFFs infected with Toxoplasma for 24 312 hours to determine which host genes displayed altered translational control (Table S4B) . 313
Applying a FDR of 0.05, only five genes were preferentially translated (log2FC ≥ 1), four of which 314 were ribosomal proteins (Fig. 5C, E) . In addition, although they did not meet our two-fold 315 change cutoff, many other ribosomal proteins trended towards preferential translation in infected 316 subconfluent HFFs (Table S4B) . These results are consistent with a modest mTOR-like 317 activation by Toxoplasma, which may be muted due to the strong basal mTOR activity in 318 proliferating HFFs. There were no translationally repressed transcripts observed in the 319 subconfluent dataset (Fig. 5C ), suggesting that Toxoplasma does not induce a significant ISR in 320 proliferating HFFs. Alternatively, Toxoplasma may induce an ISR earlier during infection in 321 subconfluent HFFs that is resolved by the 24 hour time point. For example, in MEF cells, GCN2 322 was reported to be activated as early as two hours post-infection with Toxoplasma (10). The 323 simultaneous Ribo-seq method reported here will serve as an invaluable tool to clarify host-324 parasite interactions in multiple cell types over the time course of infection. 325
Our study demonstrates the feasibility of concurrently profiling host and parasite 328 translation during infection using either proliferative or quiescent host cell models of infection. At 329 24 hours post-infection, we achieved nearly 25% representation of the Toxoplasma translatome, 330 which was sufficient to allow identification of candidate uORFs for further interrogation. In 331 addition, our results show that bulk translational capacity in tachyzoites remains unchanged in 332 confluent or subconfluent host cells. We also demonstrated that both confluent and 333 For all experiments using confluent host cells, HFF monolayers were allowed to reach 353 confluency for one week prior to infection. Subconfluent HFFs were generated by subculturing 354 host cells as described above 24 hours prior to infection. At this stage cells were 60% confluent. 355
All experiments were conducted on host cells that were between passages seven and eleven. 356
Infection of HFFs was conducted using freshly lysed parasites that were centrifuged at 3,400xg 357 
Polysome profiling 365
Polysome profiling was conducted as previously described (44). Briefly, cultured cells 366 were incubated in 50 µg/ml cycloheximide (CHX) for 10 minutes, then washed in PBS 367 containing CHX. The samples were lysed in cytoplasmic lysis buffer solution (20 mM Tris (pH 368 7.4), 100 mM NaCl, 10 mM MgCl2, 0.4% Nonidet P40, 50 µg/ml CHX), clarified by centrifugation 369 at 12,000xg for 10 minutes and applied to a 10-50% sucrose gradient made in cytoplasmic lysis 370 buffer without detergent. Gradients were subjected to centrifugation at 200,000xg for 2 hours at 371 4°C in a Beckman SW-41 Ti rotor. Polysome profiles were generated by applying the gradients 372 to a Piston Gradient Fractionator (BioComp, Canada) and continuously reading the eluate atinstruments, USA). Polysomes were measured by calculating the area under the curve between 375 the disome to the end of the polysomal region (outlined in Fig. 1D ) and dividing by the total 376 absorbance profiles. 377
378
Ribosome profiling 379
Samples for ribosome profiling were generated as outlined in (12). Cytoplasmic extracts 380 were generated as for polysome profiling with a few modifications: detergent was exchanged for 381 1% Triton X-100 and the buffer was supplemented with 25 units/ml of Turbo DNase I 382 (Invitrogen). An aliquot of cytoplasmic lysate was immediately stored in TRIzol LS reagent 383 (Ambion) for extraction of total RNA. The bulk of cytoplasmic lysate was incubated with 100 384 units of RNase I (Ambion) at 4°C for 1 hour while rotating. The amount of RNase I was 385 empirically determined to optimize RFP generation by analyzing the polysome profiles of 386 digested samples (Fig. 1D and data not shown) . Sample digestion was quenched by the 387 addition of 200 units of SUPERase·IN (Ambion). Digested samples were run on 10-50% 388 sucrose gradients prepared as for polysome profiling with the addition of SUPERase·IN. The 389 fractions corresponding to the monosome peak of centrifuged samples were collected using the 390 same setup for polysome profiling paired with a Gilson fraction collector. RFPs and total RNA 391 samples were collected from TRIzol. Total RNA was fragmented by alkaline hydrolysis. RFPs 392 and fragmented RNA were collected by gel extraction from a 15% denaturing NuPAGE gel 393
(Invitrogen). 394
The TruSeq Ribo Profile kit was used per manufacturer's instructions to generate 395 sequencing libraries for the confluent dataset. The subconfluent sequencing libraries were 396 generated as previously described (12). Ribosomal RNA depletion was performed using theRibo-Zero kit (Illumina) for all libraries with the modifications prescribed by (12). Single end 398 75bp reads were generated on a NextSeq system (Illumina). 399 400
Sequencing data analysis 401
Annotated genomes and transcriptomes were downloaded from HostDB.org and 402
ToxoDB.org (v37) (24). Libraries were depleted of reads aligning to human or Toxoplasma 403
rRNA in silico using the bowtie algorithm (v0. 
) (26). Ribosomal density was determined by taking the quotient of 415
RFPs and RNA-seq normalized read counts as obtained via DESeq2. Only genes that were 416 detected at the transcriptome and translatome levels with a normalized read count of ≥ 5 were 417 included for these analyses. Identification of translationally controlled gene expression 418 determined by assessing changes in ribosome density between infected and mock-infectedThe ribosome density across each coding gene was calculated by determining the 421 proportion of non-overlapping reads that segregated to 5'-UTR, CDS, or 3'-UTR feature 422 annotations with the htseq-count algorithm (50) using the -intersection (strict) option. Only 423 genes that had annotated 5'-UTRs, 3'-UTRs and CDS were included in the analysis. The total 424 number of reads allocated to each feature was calculated with the formula (#5'reads / [#5'reads 425 + #CDSreads + #3'reads]). Genes that harbored potential uORFs were identified by determining 426 those that had two fold higher RFP reads in their annotated 5'-UTR compared to their CDS, with 427 a minimum read count of at least 10 in both features. 428
429
Gene and pathway enrichment analyses 430
Gene enrichment analysis of upregulated and downregulated genes as well as for 431 preferentially translated or translationally repressed transcripts was performed with the goseq 432 algorithm (v1.26.0) (35) as implemented through the publically assessable Galaxy server (47). 433
Reported results were reduced in complexity using the Revigo webserver (52) and are limited to 434 molecular functions that meet a FDR = 0.05. 435
Pathway enrichment analysis was performed using Ingenuity Pathway Analysis (37) 436 (Qiagen). The analysis was restricted to those genes that met a normalized read count ≥ 5, a 437 log2FC ≥ ± 1, and a Padj ≤ 0.01 as determined by DESeq2. Reported results are limited to the 438 molecular and cellular functions that were not annotated as pertaining to cancer or tumors, and 439 were disrupted by a Z score ± 2 with an associated Padj value ≤ 0.05. 
